I. INTRODUCTION
Ion implantation followed by pulsed laser melting (PLM) is a well-known technique for incorporating impurities into Si, usually into substitutional lattice sites, at concentrations well in excess of the thermodynamic solubility limit. 1 This nonequilibrium process, known as hyperdoping, has been used to realize unique compositional and structural regimes in Si, 2, 3 with diverse potential applications such as infrared photodetection, 4 intermediate band photovoltaics, 5 and superconductivity. 6 While hyperdoped Si has been shown to exhibit good crystalline quality, the local lattice environment is modified by high concentrations of impurity atoms that are often larger than Si (usually in the order of a few atomic percent). Lattice distortion and strain (normal to the surface) in hyperdoped layers are thus important to consider, especially as they could affect the optoelectronic properties of the material. However, there currently exists only a small body of literature on strain in pulsed laser melted Si, all of which has focused on conventional nand p-type dopants (e.g., phosphorus and boron, respectively). A negative out-of-plane strain (lattice contraction) has been consistently measured for laser-melted Si hyperdoped with B, As, and Sb. [7] [8] [9] The latter two results are especially interesting, as the incorporation of As and Sb atoms should give rise to expansion of the lattice based on size considerations, since the covalent radii of both As (1.21 Å) and Sb (1.41 Å) are larger than the atomic radius of Si (1.17 Å). 10 Two mechanisms have been proposed to explain the unexpected lattice contraction, although no consensus has been reached. Early work by Cargill et al. 11 attributed the lattice contraction measured in As-hyperdoped Si to the hydrostatic "electronic" strain associated with an increased number of free electrons in the ARTICLE scitation.org/journal/apm conduction band states. Later, in another study on As-hyperdoped Si, Parisini et al. showed that the lattice contraction scaled linearly with the carrier concentration, in accordance with the "electronic strain" model. 8 On the other hand, in a more recent density functional theory (DFT) study by Ahn and Dunham, it was argued that free electrons are actually expected to expand the lattice and that the unexpected negative strain measured is likely to have originated from high concentrations of vacancies in the form of AsmVn clusters. 12 Incidentally, it is well known that As-V complexes are electrically inactive, 13 clearly indicating that the presence of vacancy clusters can affect electrical and potentially optical activity in hyperdoped Si. Armigliato et al. also hypothesized that the presence of a high concentration of vacancies could account for an anomalous high negative strain measured in Sb-hyperdoped Si. 9 Furthermore, Antonelli et al. 14 showed that isolated Si vacancies result in inward lattice relaxation. Thus, it is clear from the more recent studies that vacancies are the likely cause of the anomalous lattice contraction. Nonetheless, to date no direct experimental evidence has been reported to conclusively confirm the existence (or the lack thereof) of an enhanced population of vacancies in hyperdoped Si following PLM.
In this work, using Rutherford backscattering spectrometry combined with ion channeling (RBS/C), reciprocal space x-ray mapping (RSM), Doppler broadening positron annihilation spectroscopy (PAS), and density functional theory (DFT), the lattice distortion and local atomic environment in Si hyperdoped with a nonconventional dopant (i.e., Au) is investigated for the first time. We show that Au-hyperdoped Si exhibits a smaller out-of-plane lattice parameter compared with unstrained bulk Si and demonstrate how this contraction is directly related to the trapping of vacancies during resolidification following PLM. DFT shows that the structure of the Au-vacancy complex is akin to an Au interstitial in the middle of a divacancy, and that the inward attraction of Si atoms toward the defect results in a negative strain as observed by the experiment. We believe that the vacancy trapping process surrounding substitutional Au atoms occurs as a means of minimizing local lattice strain and may be a universal phenomenon for pulsed laser melted Si when incorporating larger impurity atoms.
II. METHODS

A. Experimental details
Samples were prepared by implanting 300 keV Au + ions into n-type, <100> oriented Si wafers (resistivity 1-10 Ω cm) to doses ranging from 2 − 6 × 10 15 cm −2 at the liquid nitrogen temperature. These implantation conditions are known 3 to give rise to a Au-rich amorphous layer of around 300 nm. A single pulse from a Nd:YAG laser was then used to melt the amorphous layer, with an energy density of ∼0.8 J cm −2 . Previous characterization results detailed in Ref. 3 indicate that these conditions result in a hyperdoped layer of single crystalline Si with a peak Au concentration of 0.14-1.4 at. %. Excluding Au that has segregated onto the surface, the majority of the Au atoms have been incorporated into substitutional lattice positions, as measured by RBS/C. More detailed discussion on the segregation characteristics of these samples can be found in Ref. 3 . We performed RBS/C with a 2 MeV He + beam and obtained angular scans about the three major channeling axes, namely, <100>, <110>, and <111>. The detector was situated at 78 ○ from the sample normal for optimal depth resolution. The Si and Au yields presented here are integrated backscatter counts from the entire hyperdoped layer, excluding the surface Si and Au peaks.
Reciprocal space mapping was performed using a PANalytical X'Pert PRO system equipped with a rocking curves module containing a 3×Ge(220) monochromator and a CuKα 1 radiation source.
Positron annihilation spectroscopy uses a beam of monoenergetic positrons (0.2-16 keV) as a depth-resolved probe for voids, vacancies, surfaces, and electron density distribution of the sample of interest, from near-surface to a depth of about ∼1.5 μm. The positron annihilates with a host electron, and two gamma rays of 511 keV are emitted in approximately opposite directions. The gamma rays are Doppler shifted by the momentum of the annihilated electron, and so the photopeak of their energy spectrum is broadened for annihilation with high-momentum electrons, such as those close to the ion cores. Where possible, positrons will seek regions far from the positively charged ion cores. This ensures that any voids or vacancies are over-represented in the spectrum. Meanwhile, electrons found in these regions tend to have lower momentum, resulting in narrower peaks. In the measurements performed for this study, the positron beam current is in the femto ampere range and a few times 10 5 events are analyzed using the S-(or sharpness) parameter. 13 
B. Computational methods
We simulated the gold-vacancy complex, Au-V in Si using DFT 15, 16 as implemented in the Vienna Ab initio Simulation Package (VASP). 17, 18 We used the Generalized Gradient Approximation-Perdew-Burke-Ernzerhof (GGA-PBE) 19 approximation for exchange/correlation, Projector-Augmented-Wave (PAW) method pseudopotentials, 20,21 and we considered spin polarized descriptions. Supercells containing 250 atoms (corresponding to an experimental defect concentration of 0.4 at. % for one defect per cell) are used with a Monkhorst-Pack k-mesh sufficient to converge total energies to within 0.01 eV. We use a plane wave basis set with 460 eV cutoff for orbital expansion, and atoms are relaxed until the total force on each atom is ≤0.01 eV/Å. Defect formation energies ΔED,q are obtained as 22
where ED,q is the total energy of a defect containing supercell, E perf is the total energy of the supercell without any defect, ni is number of added/removed (ni > 0/ni < 0) species i to form the defect, and μi is the chemical potential (i = Si, Au). The chemical potentials μ Au and μ Si were obtained from the elemental bulk phases to reflect Au-and Si-rich experimental conditions.
III. RESULTS AND DISCUSSION
A. Lattice distortion by Au
In the following discussion, we categorize our samples into two types: 3 (1) low concentration samples, which contain a laterally uniform Au concentration; and (2) high concentration samples, which contain laterally segregated, filamentary Au-rich regions (the concentration profile is also nonuniform in-depth and peaks at around 110 nm below the surface). The estimated local Au concentration ARTICLE scitation.org/journal/apm within the individual filamentary regions in the high concentration samples is >3 at. %. For Au-hyperdoped Si fabricated with an implantation energy of 300 keV, previous experimental results indicate that doses below 2 × 10 15 cm −2 gave rise to "low concentration" behaviors, while doses above 3 × 10 15 cm −2 resulted in "high concentration" behaviors. Although our previous work established that most of the Au atoms are largely substitutional, 3 angular scans around the axial channels were found to be necessary to elucidate the displacement of the Au relative to perfect substitutional lattice positions. Figure 1 shows RBS spectra and angular channeling scans taken around the major axial channels on a sample that was implanted to 4 × 10 15 cm −2 at 300 keV before PLM. Integration windows used to obtain the angular scans are shown in Fig. 1 (a) and the Au profile prior to PLM is also shown in red to illustrate the segregation characteristics of Au after PLM (shown in black). It can be concluded that most of the Au is contained in the top 300 nm except for the 15% of the implanted Au dose that has segregated onto the surface. The width of the Si channels shown in Figs. 1(b)-1(d) is consistent with values obtained in the literature. 23 The dip in the Au yield in the middle of the Si channel is consistent with substitutional Au atoms occupying Si lattice sites. As the relative width of the Au dips (as compared with the respective Si dips) reflects the displacement of the Au atoms from lattice positions, the narrowing of the Au dips suggests that the larger Au atoms protrude slightly into the Si channels, an effect that is expected based on size considerations. However, the narrowing of the Au dip in the <110> direction is more prominent than in <100> and <111>. As summarized in Table I , while the narrowing in the FWHM of the Au dip is around 0.34 ○ for both <100> and <111> channels, the It can thus be concluded that the presence of the Au, regardless of the homogeneity of the Au distribution, gives rise to a slight asymmetric displacement of Au atoms from perfect lattice positions. Indeed, our previous high resolution electron microscopy results, 3 taken on samples with high Au concentrations (>1.4 at. %) revealed lattice distortion around the Au-rich filaments. This lattice disorder is very local and does not extend beyond a few nanometers away from the filaments. We emphasize that the local distortion of the lattice does not correspond to the formation of Au nanoparticles or other secondary phases. 3 Note that in samples with a low and homogeneous Au distribution, the mass contrast is too small to be resolved by TEM. FIG. 1. (a) RBS/C spectra of the sample that is implanted to 4 × 10 15 cm −2 outlining the integration windows for Au and Si. The Au part of a random spectrum taken on the sample prior to PLM shows the implanted Au profile. Note that for all spectra, the region highlighted in gray has been magnified by a factor of 2 for visual clarity. Angular scans taken (b) around the (100) axial channel, (c) around the (110) channel, and (d) around the (111) channel. Spline fits for the Au dips are shown for visual clarity. Further RBS/C measurements taken on this sample can be found elsewhere. 3 
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Both the variation in the displacement of the Au from lattice positions and the lattice distortions seen previously in TEM are suggestive of lattice strain. We therefore employed reciprocal space mapping (RSM) to measure the lattice expansion/contraction. The out-of-plane lattice constant of the hyperdoped layer, a , is obtained from asymmetric RSM around the Si(113) reflection. As shown in Fig. 2 , the diffuse satellite peak located to the upper left of the Si substrate peak can be attributed to the Au hyperdoped layer. In the case of the high concentration sample shown here, a is found to be 5.413 Å, which corresponds to an out-of-plane strain value ε Au = −0.3%. However, reciprocal space maps on low concentration samples (not shown) did not produce any detectable satellite peaks, presumably because the average strain present, if any, is below the detection limit of the system.
The covalent radius of Au is 1.40 Å, larger than that of Si (1.17 Å). 10 Thus, based on Vegard's law, 24 the incorporation of Au in Si is expected to cause a swelling of the lattice, giving rise to an increase in the lattice parameter out-of-plane as the hyperdoped layer is constrained in-plane. Thus, the negative out-of-plane strain measured here cannot be reconciled based on size considerations alone and manifests with the same apparent contradiction as that reported for laser-melted As-and Sbhyperdoped Si earlier. 8, 9 Consequently, the negative strain measured here must have some contribution other than the size effect described by Vegard's law. Since vacancies have previously been proposed as the likely reason for lattice contraction in heavily Sbdoped Si, 9 we next used Doppler broadening positron annihilation spectroscopy to directly measure the presence of vacancies in Auhyperdoped Si. We note that the presence of vacancy-type defects is also consistent with indirect measurements (perturbed angular correlations). 25
FIG. 2.
Reciprocal space map around the Si(113) reflection, taken on a sample that has been implanted at 300 keV to a Au dose of 6 × 10 15 cm −2 (a high concentration sample). The diffuse satellite peak in the upper left corner is associated with the Au-hyperdoped Si layer and indicates a decrease in the out-of-plane lattice parameter (negative strain).
B. Elevated vacancy concentration
Vacancy-type defects act as traps for diffusing positrons and the electronic environment of vacancies elevates the S-parameter. Thus, the S-parameter provides an estimate of vacancy concentration. The normalization of the S-parameter is performed by dividing the S-parameters at a depth by the S-parameter deep in the virgin Si bulk (obtained at a mean depth of ∼1300 nm). Note that the positron distribution is broad and is spread out roughly from the surface to twice the mean depth, and so the S-parameter at 200 nm, say, is indeed the average value over 0-400 nm. In addition, the positron implantation profile becomes broader at greater implantation energies so that the S-parameter values at greater depths are averaged over a larger region. Furthermore, the diffusion of the positrons within the sample prior to annihilation tends to smear out the depth profile at all locations in the sample. This is seen most prominently in the influence of the surface (which has a small S value) on the first 400 nm of the bulk. Beyond the maximum diffusion length of positrons in Si, the S-parameter value is representative of the bulk. Figure 3 shows the normalized PAS S-parameter for Auhyperdoped Si samples as a function of the mean positron depth. Virgin Si shows a reduced S-parameter at the surface (up to a mean depth of 200 nm), an effect that is characteristic of the native oxidesilicon interface for low positron energy/depth, and rises asymptotically to a value characteristic of virgin bulk Si. Furthermore, a control Si sample which was ion implanted with Si 28 at 110 keV (which produces an a-Si thickness of around 250 nm) and underwent the same PLM process resulted in identical S-parameters as followed by identical PLM conditions as the Au-hyperdoped samples. The plotted S-parameter of the control sample is the numerical average of 3 independent measurements. We estimate that the absolute error in the normalized S-parameter is around ±0.005, although for reasons indicated in the text, this does not translate to the accuracy of any quantitative estimates of vacancy concentration.
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scitation.org/journal/apm the virgin Si, as shown in the inset. 26 This result is consistent with previous results, 13 unambiguously demonstrating that the enhanced vacancy concentration in the hyperdoped layer does not arise from the PLM process itself, but is rather associated with the incorporation of the Au atoms. On the other hand, both Au-hyperdoped Si samples show an elevated S-parameter. This result strongly suggests the presence of vacancy-type defects, although an accurate estimation of the vacancy concentration is not possible as the Sparameter is modified by the local electronic environment (local doping caused by Au) and is also sensitive to the large concentrations of Au atoms themselves. In the top ∼400 nm, the S-parameter of the sample with a higher Au dose is higher than that of the low dose. Beyond the hyperdoped layer, the S-parameter becomes less dependent on the Au implantation dose. This indicates that the concentration of vacancies between the two samples are different within the Au-hyperdoped layer only. We note that the depth of damage apparent in the positron data (>1000 nm) for the Au-hyperdoped samples extends well beyond the depth expected from the implantation range (∼300 nm), while the same effect is not observed on the self-implanted control sample (see Fig. 3 , inset) that had undergone the same PLM process. Therefore, this difference is unlikely to be related to the ion-implantation or the PLM process. We speculate that an electric field induced by the p-type Au-hyperdoped layer 4 may have driven the positrons from the bulk (i.e., beyond the hyperdoped layer) toward the surface (i.e., into the hyperdoped layer), thus extending the apparent depth. Indeed, modeling by POSTRAP 27 shows that such an electric field is expected to produce the measured S-parameters. However, the modeling result is not conclusive as the simulated data are not unique; other models could also give rise to the same S-parameter data and further investigation is required. In summary, our PAS results strongly support the presence of vacancies in Au-hyperdoped Si following PLM and that the vacancy concentration increases with Au concentration. However, we cannot reliably estimate the vacancy concentration as a function of depth due to electronic effects of the Au doping and other influences of high Au concentration on the measured S-parameter.
C. Au-V complexes
To determine how vacancies and Au atoms are incorporated in hyperdoped Si, and whether vacancies are expected to introduce a decrease in out-of-plane lattice parameter when trapped by the Au, we employed DFT to simulate the possible configuration of vacancies, Au atoms, and their interactions in Au-hyperdoped Si.
As shown in Fig. 4(a) , we considered isolated vacancies trapped by a substitutional Au atom in nearest (n) and next nearest (nn) neighbor positions, respectively. Since the relaxation of atoms surrounding a Au Si or vacancy may not be symmetrical, we considered both tetrahedral (T d ) and orthorhombic (C 2v ) cases. For both symmetries considered, both n and nn relaxed into the same final configuration exhibiting trigonal (D 3d ) symmetry. In this relaxed configuration, denoted Aui-2V, Au sits in an interstitial position between two vacancies as shown in Fig. 4 . Other possible configurations were also considered, but Aui-2V was found to be the most energetically favorable with a total defect formation energy of 2.60 eV. The formation of Au Si -V appears to be slightly more favorable with a large 2.64 eV binding energy compared to an isolated Au Si and vacancy. This configuration is similar to that observed from a deep level transient spectroscopy (DLTS) study of a Au-vacancy complex 28 and electron paramagnetic resonance (EPR) studies for Sn-vacancy complexes, 29 where the impurity-vacancy pair can essentially be visualized as an impurity atom sitting in the middle of a divacancy. However, as we shall discuss below, the vacancy trapping process is likely to be a kinetic process as a result of the nonequilibrium nature of rapid solidification from the melt, and hence, may not be restricted by thermodynamic considerations. Thus, a variety of defects including Au Si , 30 isolated vacancies, and Aui-2V, may be present in reality.
Nevertheless, the Aui-2V complex is expected to give rise to local lattice contraction, consistent with RSM data shown above. It is seen from the relaxed geometry of Fig. 4(a) that the resulting Aui-2V attracts the neighboring Si atoms inward. This pulling effect mostly increases the Si-Si bond length around the layer surrounding Aui-2V. Table II shows the percentage elongation of local Si-Si bonds surrounding Aui-2V as a function of the defect concentration, showing that higher Aui-2V concentrations create more contraction in the lattice, consistent with experimental observations. The inward stretching causes the rest of the Si lattice encompassing the defect to be pulled inward, building tension in the surrounding host. Au atoms deviate the most from their regular lattice position when viewed from the <110> direction, compared to the other directions <100> and <111> as shown in Fig. 4(b) , consistent with the direction-dependent deviation of Au atoms observed in the experiment. However, as we have established in Ref. 3 , the distribution of Au is highly inhomogeneous within the hyperdoped layer, and thus the local bond elongation is expected to not only be inhomogeneous but also result in local differences in the nature of Au-V complexes across the hyperdoped layer. In addition, the ARTICLE scitation.org/journal/apm lattice contraction measured by XRD is actually the overall contraction in the entire hyperdoped layer. It is thus impossible to determine the concentration of vacancies required to produce the measured contraction (even if one assumes only one type of Au-V configuration, which is unlikely to be the case).
D. A vacancy trapping model
On the basis of the results shown above, we propose a phenomenological description of a vacancy trapping process that could occur during the resolidification of Si following PLM. The rapid resolidification traps a much higher concentration of substitutional Au atoms than that is possible in local interfacial equilibrium. As the covalent radius of Au is larger than that of Si, the incorporation of the Au strains the bonds nearby, as depicted in Fig. 4 . As a selfcompensating mechanism, we propose that vacancies are generated in the surrounding lattice (n and nn) during subsequent solidification at the retreating melt-solid interface, either by the migration of Si atoms away from their initial lattice positions, or through the injection of vacancies through the surface or at the melt-solid interface itself, to allow for the bond-rearrangement to minimize strain. As this process is kinetically limited by the moving solidification front, the actual location of the vacancy is expected to be statistically distributed rather than being limited by lowest free energy considerations (such as those used in DFT calculations under equilibrium). The resultant Au-vacancy complexes are, given the experimental data for other impurity-vacancy complexes (e.g., As-V, Sb-V), expected to be stable at room temperature. 29 To further confirm that the trapping of vacancies is only possible at extremely fast resolidification speeds such as those facilitated by PLM, it would be ideally desirable to compare PLM-hyperdoped samples prepared by different near-equilibrium methods. Because of the high diffusivity of Au, however, a comparable concentration of substitutional Au cannot be achieved through solid phase epitaxy processes. 31 To this end, we note that, in a comparative study of Se-hyperdoped Si fabricated by flash lamp annealing and PLM, the Se-hyperdoped Si fabricated by PLM showed an unexplained secondary x-ray diffraction peak on the right-hand side of the main Si peak (suggestive of a smaller lattice parameter than pristine Si), while those fabricated by flash lamp annealing exhibited a larger lattice parameter as expected from the size difference between Se and Si. 32 These results are again consistent with the vacancy trapping model proposed in this study.
It is important to note that impurities such as As, Sb, and Al are known to form impurity-vacancy complexes at high concentrations when produced by equilibrium/near-equilibrium techniques such as LPCVD, cw-laser annealing (solid phase), and even Czochralski growth. [33] [34] [35] [36] [37] However, we point out that these impurity-vacancy complexes, which give rise to electrically inactive dopant clusters, are of a fundamentally different nature to the vacancies trapped following PLM. Indeed, positive strain has been reported by Pogany et al. and Takamura et al. 24, 38 on heavily Sb-doped Si made by ion implantation followed by rapid thermal annealing and, in the latter study, laser melting with 10 successive shots, both of which would result in less nonequilibrium kinetic impurity trapping than one would expect from a single PLM shot. Such results are contrary to those obtained on Sb-hyperdoped Si melted with a single laser shot at similar Sb concentrations, 9 yet they are consistent with our Au-Si data and can be explained in terms of the vacancy trapping process that can take place during ultrarapid (nonequilibrium) resolidification following PLM. Similarly, the positive strain measured on heavily Ga-doped Si prepared by molecular beam epitaxy (MBE) could also be attributed to the near-equilibrium epitaxy process associated with MBE. 39 Based on these observations, we believe that vacancy trapping could be a unique phenomenon during the resolidification following PLM as a means of minimizing strain, and that this "freezing in" of vacancies is not facilitated by equilibrium or near-equilibrium solid phase epitaxy techniques. In addition, although we cannot rule out very small clusters of multiple Au atoms with or without associated vacancies since our current analysis techniques are unable to detect them; our previous high resolution TEM and lattice imaging 3 could not detect any high order Au clusters nor any early stages of Au precipitation. Nonetheless, in a recent thermal annealing study after PLM, 40 we show that there is a relaxation stage during the early stages of subsequent thermal annealing prior to Au precipitation that is likely to involve Au dimers and higher order Au complexes. Thus, although we cannot rule out small higher-order Au complexes directly after PLM, we believe that they would constitute a very small fraction of total Au atoms.
Finally, it is interesting to contemplate the implications of Au-V complexes on the optical and electrical activity of Au-hyperdoped Si. It could be speculated that Au-V complexes, like As-and Sb-V complexes, are electrically inactive in Si. 35, 36 In terms of the optical activity, in a subsequent publication, we will show that some Au-V complexes are optically active, while others are not. On the other hand, it has been shown that substitutional Au in Si is optically active. 3, 30 Thus, it would be expected that vacancy trapping reduces the overall optical activity of Au-hyperdoped Si, depending on the nature of the Au-V complexes.
IV. CONCLUSION
In conclusion, we have shown that Au atoms in hyperdoped Si fabricated using ion implantation and PLM reside on nearsubstitutional lattice sites but deviate slightly into the <110> axis and reduce the lattice parameter of Si slightly. Positron annihilation measurements reveal an enhanced concentration of vacancy-type defects in the hyperdoped Si, and DFT shows that the presence of Au-V complexes is consistent with the measured decrease in the out-of-plane lattice parameter. These results indicate that vacancies are trapped in Au-hyperdoped Si during the rapid resolidification of Si following PLM, resulting in local lattice contraction around the Au-V complexes. We believe that the trapping occurs as a means to minimize local lattice strain and may be a universal phenomenon in Si hyperdoped with large-size impurities by PLM.
